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RECENT LAMPF RESEARCH USING MUONS

,1. N. l)l”ittll)ll~,y

]J(js AlmII(W Nntiwlnl I,itl)oridormv

,
I. INTRODUCTION

‘1’lw IA-MAlai]lm hlem-m Physics lkilit y ( I.A MI’F), collhil]ing a l-lnA, t300-hIeV proton

accelerator, is a Illliqlw smlrw d Iligll-il]tmlsity lmmIs f)f lmntnns, pioils , llmo]w, ad neui mm

t hat call Ije used for resrarcl] ill a l~lll]llwr of ill(lrptvlt{e]lt rxperiillelltal areas. 11] ad(lition {o t he

on-e ]Jrf)grfi.lns ill Illlcltmr tuI(J ]mrtirle ])llysics, flivmw (’XpC~illlc’ilts hn.ve Iwen rrwriml ollt. t.llat

Ft{l(lrws illtt’r(lis{-illlillnr~? all(l ~]~l}liwl to]~ics, ‘1’llme illclll(le Il]llc>ll-sl>ill-relaxat ion] experilnents

It) st Ilfly tlIHgIIf*t ic (Iyllnlllit.s ill sl)ill glnsses iIIIfl ~tl~’ctr{]llic strllctllre ill Ileavy-fernlicm s{lpercoll-

dllctors; lllIIOII Cllmlltwlillg rxlwrilllt’l]t.s tf] l~r~]vi(l(”illftmmdim] 011 I>i{m st(q}pillg sites in crystrds;

tmlmgrapllic dvl]sity l-ecoilstl.llct.i(~l] st Il(liw llsin~ Imd.ol] mwrgy loss: aIIfl ratlid.iomeflects ex-

pwilllel~ts to exl)l(m nlicrost. rlwtllrr evolllt iml HII(I to clli]racterizr Inrktlerials for fllsim] devices

nll(l lli~h-illtensity nccel(’rnt.f)rs. Also, mwshwt (w- rv]mh’(1 ttd]lmhgy hlw lJeeIl qqdied to the de-

vtsl(qJIIIelIt (J IIOV(*I l)i(~l]]etlicill lrylwrt lw’lllim illstr~lll]ellt.~tti{]l~ for t.lle tired.lllellt. of deep-se atefl

t Illl]ors. 17illnlly, tlit= cdalysis of the (I-t flwiou rewti(m using I]egd.iw= n]ilmls has Imen exhw-

SiiJ1.l~ illVt~st.ig~Lt.t*(l Wit II SOI)l(J SIII l~risillg rrslllt~ incllldillg a stronger t.l]lm linear depcmlwce of

t l]t. ]]l~~solllt}l(.(lll[~r f(mll:di(ltl rd t’ ml t nrKrt. (It.lmity mId tl]e olmmvdlicm of 1Ml fusions per mlm]

Illl(l(jr certn.ill ronrliti{ MIS, I{wr:lt rmllts ill those Imqwmls involving pims and mllom illt.erwting

wit II !I]nt (t-r hrv {lisrl~sst’(1 IM!IIIW,

I



revt=r! he spill -fret=zing ]wocess near flm glass trmpt=ratllre of dmlt. 41 K FUKIthe transverse-spin

or(l(v.illg Ilmr 7 li. /l’

hfaglletite( Ft8304) isnll]ix(*(l-val( sl]cr(~xi[lc~tllat lltltlt*rg~]cs ntl]etal-to-illslllatortral]sitiot]at

t.llv trcrwemytm]perdllt-e, T,, % 125 K. ‘1’lw calw of Illis t rallsition md t IIe conduction Illecllallislll

near rcmnl iemprrd Ilre me Id well llllfli.rst o~>(l. Nllloll-sl)ill-l:elnxmtioll st Ildies at LA N1l’17wifI)

atld witlmlt cxttv”nnl nmglwt.ic Iivlds Il;lvr lmwi~l(.(1 vvi(ltv]ce tlmt. phonon-assisted electron Imp

pi]]g is the principal col](lllcti(}i] mm’h~llistll ntmvr ‘l’,, with magmt.ite being in the Wigner-glm.ss

st.ate.12~

The is IIllldl cllrrel]! il~ttwM. ill lm~vy-fmtli(ul systtvlls wllicll possess WII.ISWLI sliperccm-

(lllcting states a]](l a strnt~g sensitivity to ilnl~llrity (lfq~illg. At LA NIPI? mermlrement.s of mum

Klligllt shift nld I]lll{>tl-sl>ill-r(*laxnt iol] riltf? llnvt- Imm lnnfk m two sll~]erco]~[l[lctors, lTBeIla and

[I]>tfl, ill I>otll t Ile l}llrf~ stntc mlfl wit Ii tll(~rilllll (lr~l>ill~. Pm [lPt3, the I:i.;ll resldts/3’4/ illtlicde

tIIat very slow spill Illlct(Idlif]lls (.> 105 s 1) I,”Xist IM.I{)w ~ll)oilt 4 K ill mm applied fielfl, wl]icll is

qllitr ren)arkablc, since !Tl)t:j slmvs III} rvifl(ulrc f(w Illitglwtir ordering. These data complement

cnt m rf)li~fmt if~llttl wilmcollflilrt ivi[,v cl}llll~ilmfl wit II strong spill-lli]) scattering I)y ‘l% ill]l>llrit ies.



III. MUON CHANNELING IN SEMICONDUCTORS



(comlud.icm Ixmd). ‘I’lIt= lmsit i{)ll {I( tile 12t*rt]li Imft.1 CFLIIIJe dtcred b-y (a) l~y doping, (1)) I),v

itljt=d im of Illitmrity Carrie.rs (i. e., illlllllinatil)ll with Iigllt :IIMuw Imlltl gap Pnl’rqv) nntl ((.] l~y a

du-ulgt~ in tem]mdllre.

hluon channeling Imolilrs for tile I I (1 . (Iir(’dioll it] IIigll pllrity gerlmuliulll zre presmlt.ed in

Fig. 3 for lJoth light on and ligl It dT cml(iit.ioils. ‘1’lw concmllration of ( mwwoidalde) electrically

active inlpuri!ies is of tile ordtw of 1(111 cm 3, wwmlillg to [lnll W’ect. Illeasllrements. Thus the

posit ion of t.lle F’emli Ievt=l will lx= ( F % l’;,, { (). I Clev at 1(10 ]< w](] (F % Ei (midgap) at 200

li in the case of ligl]t. ofT. For Iigllt-ol] rrm(litiot]s t.lle Illlllllm of free carriers is estimated to

I)t? 11)15+’ clll”-”3so tl]mt t.lle Imsiiiml of t]Ie flllasi- F’rrllii h=vcl for elect.rolls should” t>e close to

tht’ CtIlldllClkNl h%ll(l ( I/’p ~ 1;,. ) Fm{l liw qllasi- Ireru,i level for lmles close to the valence Imnd

((pp’ ~ E,, ).

~lt 100 K flistinctly dilrtv”ellt. cllanlwlil]g ])rolill’s are ot}servetl f(w light-on and light-off confli-

t imls, mstrong ill(licnt ion t.lld piml sites (11.[wII(I (~1]t Ilc position d ti)c Fermi level. Tlllm, tllle light

is(~t(qw ]Jiollilllll q~pcms ttl fi.mn a Ijist nl)lt’ flrftx”l. ill (1P, wl]idl in tllrn prcwidcs ewidellm= ~m- al

{hmor f411d/or n,ccrpt.or level ill t Iw gal). ‘I”llis is Iw’itwml to hc tilt’ first report of electricrd nctivity

of lqvlrogm isot.o]ws in semlicml~l(lctors. f?xperil]]ei:!~ l)erforme:l at. SIN SI1OWa similar diffcwellce

Iwtwtwl il]tt”i]tiondly (lopml ( 1015CIN-‘1) 1} WMI n type l]mterini, wlli(-h con firlns the observation
.,.

(If I}ist:d}i]ily (}f ])10111111]1ill gtm]lmilllll,

At 20(1 Ii thtm is no sigllilhmllt sitt. cllntlgt>IIlmIIil!ulninatim. Silnilarl.y, little fliffm=nce in

lt)lwn yi~’1(1for I] and 1~-t.ypr I]lntminl is fI)IIIId RI nrrmnd 20(J K in {he SIN experiment. Therefore,

ii iS Iikt’ly t.iltd ttle Cllmgtm Siah fdm’rvt’(1 n{, ]00 ]< for ff7 .& )?C (i.e. for light on mmdifions or

II ly]~(’ Illul.tviul ) is md s[d)li’ d Iliglwr tt~llll~f~r[](llres,

‘1’lw t~xl}(’t’illlt~tlllll (Ini n [WV still illsllliici(.111 [t) rlt’t.mv]lillr llll[~llll)igllollsly tile flctllnl rllmge

stnt(w itlwtlvtvl ill tlw olm’rvwl silf’ clln,tI~r [It 100” K, as Weli M t]l{’ Imrd. icul of tlm siks. [t is

llfd cltwr if I IN’ (Jwrvd i[~lls rq)rtwllt H t rnt}sit.i(}ll frml I)i to Pi - (i.e. ml wcqtor level) or h

tr;lllsiti(lt] frl]lll n 1 It) l)i (i,om tl {l(~tl(w Irvrl ill tih* gnlt), liww.r, it is clmr frfml cllmllwlillK

~- If;,, ) h’t rnll(virtll ml(l/(w lwxdil’~lrni sites are lm=i’errml (ix=,t lImi.y I.lld ill l) Iylw Ilmt.t’rini ((L’ ~:

sitrs rhm 10 Iiw ct.lltw (}[ tiw . I I() ~ rimiltwl, giving rim to u Imrmw ciwu~m~iing pmk ) wimms

ill II I,rlw nl}~lwilll (~fi’ ;:, l.’,) Illllil](lllfl Im Iml(l rmltm sites (i.r. sitm nt rdT-rmtvr prmilims ill {lw

I 10 cI}IIIIII(sI) Sv(.lli t,) iw tmlll)i(vl, I“llt.llrv [~xlwriltmlt ~ urv t~xlwctcvl {(J i(ivlll ify I Iw rllnrqt’

stntw tlllrl 1111’ir(’t’,vsltlll(}~r[~i~li!(’ sitw NIMI llwdt* t.iw I)irlllilllll imwis ill (lw gnl~ Illtmr imcisrl~,
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whidl leads to tlw fusion reaction. The dl II fnrmnt ion rate is very large con]pnrm! to the Inuon

Iif(’t il]lt= lm-mlse of remlnllrcs ill lhe t-mrt itu] t/I -I 132 -+, [((it/I d3.)1*. TII(L mIImI is 11=11:111}”

frre+after ille flwion to initimte ihe rycle Rgail], hilt tlle ultilmd.e number of fmions catalyzed I)y

a single IIIINM1 is Imsicalloy limibd Ly tlw snwdl lmdmbili{my (.< 170) of tile lnuon sticki, Ig to t.lte

emitted Rlplm. ‘~l]t= parmnet ers of III IIrUI catalysis are Iwing Inca.sllrecl at I,AN]PF by ~ 13righam

Young I.Tniversit.y-Los Almms-INIZI~ collalmrntion.i9/ Data have hen collected over a wide range

of target t.mnperat.ilre, density, atId Iritillnl mumllt rations, wit.11 solne surprising and illtlerest.ing

resldts: ( 1 ) Tl]t=cycling rate, and tlwrtforc t Im yiclA of 11 NleV ]mlt rons, cold illues to rise at the

IIighest temperrdurc reached (800 K). (2) Rnt.lwr t lIitII l~eil]g silnploy proportional to density, the

mc]ing rate incrmms more rapi(lly wit II (lt~lwit Y i.l~an tlw first. power, indicating tile importance

of t 1]ree-lmdy react, imls. (3) Tl]e alqmrcllt. 111,1011sticking prol]al)ilit~ is comideral~ly less than

t.llermt.ical prt=dicticn]s. S0 fflr, 150 fllsiolls/llllloll Ilnve lWC=I1ol~served with a Iiqllirl d-t target,

Fuld 250 fmions/mlmll nlay lx’ mlti]illalJle will] a Iligll-flrnsity (llp to 1!5C,0t)Ctpsi ) target under

mllst.r[lctliGn. 111ad(litirtn, att.eml)ts are Iwing lila~le to Ineasllre t.l]e p. - 0 sticking prohabilit.y

directly, hy .hserving t.lle recoiling (/f””n+”+ ) iml Insing a sllrface barrier detector and a very low

dmsity d-t iargrt.

‘1’lw ex]wrimc’ld al program at. LA NI1’F Ilns illvoived m st.u(ly of tl!le mum-catalyzed fusion

I)rnt-ess over a. witlr rallgr of t.mllperat.llre, target rhwwity, and tritium mllcentrat.iml, A t.ylJical

Rrrallgelllvllt IJf t Ile C’xlwrilllcllt d :q)lwwmt 11s is th’pict.etl ill Fig. ~. A Col]inlrded bealn of negative

IIIINMIS passm t I]rnllgll a t llref’-(.l~~lll(.llt. SCIIllillntnr tolest-npe FM](Ieiders tlm target., me tn.rget

vt~ss(.1is C,,Ilstrllct.ctl of A-2tMi stmiIIIVSSstCC*Iwi( II !.lm itwi(l< wdl gold- l)ld.ed to reduce hydrogen

lmmmtif}ll illt.t~ tlw Ill(’till. Prnvisirms we illclllfld for resistive Ileating rmd liquid-lleliunl cooling.

Nlrtislll’(’111(’llt.s Imvr lJ(wI lIIadr ill t III. ttvlllm-atllrr rwlge 2(1 - 8[)() K mid at densities lip to 1,3 times

II](B Iiqllid Ily(lrogell dmsity ( prt=mlrr d’ 30(N) atlnmspl]cres)o ‘1’he signature of an evelit illcl udes

i(lt.lilificnti(lll d I Iw tinw-ordtvwl wqIImce of the mIIOIl arrival ill t.lle targd, one or mom flmim

mwt rolIs ill tllr Iirllli(l Srilltillmtm cmlll\crs, mII(l, filmlly, (lt4cctioll of the nlllou-demy electron in

IMW nf tllt~ tllill plwst.ic scilltillntnrs ill fr(~llt. of tlw lwlltrrtl~ mlllltelw. Plllse-shape {Iiscl.illlillat.:tlll

hwhlliqlm mmt-Iwml tf~ identify IIIC fllsit~ll l,rltt.rtn~s mId tl]t= t=flirimwim of tlItE nrllt.ron flt4dors

nrv rst d)lisll(’(1 ill sqmrntc vxperillm)t H,

‘l’lit* t.t’lul){mt llrt’ dtqmid(’lwr of t IIC 11111(111cyrlillg rut.r is slIowII ill Fig, 5. ‘1’lit= ryrling rntr

rf}llt illucs t t) :Ilcrwlsr III) t o (IIc* l]i~~lwst 111(’[]sllr(’illt~llt p(}iill fktlF()() K; rrcellt t Imoret irnl r~lclllnt iong

ilfii ill{li(.}l~(. tll~* l)~*llk 11111~IN* ll~wr 12(10 K, ‘1’11,.lll,~~t)llll~lc(’llltlr f(trll)nlit]il rntt’ ,\~I,, ,1 mllil~it~

II sirotl~ 41t*lNJtI{ltFlIrIIIIIMIII 11~}111lt’lIil)(*I’111.lIr(s 111111(I(qlsily will) t.llf’ rhqlsity vrlriuti{nt (li~lllnywl ill

l“i~, (i, Sitm” A,II,, ,) is Ilrmllnlizwi Ijy rmlvvllt i{}ll to Ii(llli(l lIyrlrogriI (Ictmity it is (“1(’ilr t Ilnt t Iw

I’ilt(’ is ill( rlvwillu 11111~-11I’mlt’r tllllll Iilwtltly with ltlr~(’t [I(”llsit,y, ‘1’llis Iwllnvior is roll~istwlt wit II
0, ,,

sigllill(’nllt ~lt~l rl)l.lllllhllll flII’t~Ii~;lI tlIIWIMMl,V OJIISIIMW, /1 1/ ‘1’lw sill~l~.t. t~i I I)z c(dlikilll]~ lIHvr
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t.lwir strollgcst. resoll~nces sliglll Iy Mow tlI rcslmld. ‘TIwse resonances are inaccesihle tlmougll

two- Lody m]llisims. Ily rt=mrtvillg smm- killrl ic PIIW=V n t llirOl Iwwly rftll Illnvr t Itf=w rrwl]fit~rrs

al~ove tllresllold, t]lus lcnflill~ to aII cIIIIn.IIc(*III(~IIl.[~f t.lle f(mllfdioll rate. I’ii]dly, tllw data fIYJlll

tile LAM Pl? experiments can Iw 11.wl to ext rm-t tIw prolml)ilit-yfor the ]mmn to stick to the alplm

particle after t.l]e fllsiol] reaction. This ]:rocms ultiumtrly limits the number of fusions that can

be achieved by a single muon and is t.h{w Of consi(leralde impnrtmce. !lll~ea-sticking codllcient.

as a fllnction of density is shown ill Fig. ‘i. ‘1’llevallle of ahollt 0.4% at. l]igh density i.; confirmed

I)y experiments at. otlmr inst. it.llt.i:ms all(l is sig]li Ilcnl](ly lCSS t.l]an recm]t. tlworet.ical pref!ict.io]ls.

The density dqm]ckncc of the sticking cocllicimlt. ext ratted frcml the data is not mclerst.ood l]or

is it cmvdmrated at t.l]is tilm Iry (Iat.a fr~mlexperil]lc[lts at, SJN,

Flltllre vxperin]ents ar LAh4 I’F arr l)lnlltlr(l ill tl]ree distinct arem, First, meaaurcments will

Iw nmde of the ral.e of nllmll srnvw]~ing Ijy x Ile. Tlwse drda will allow a separate determination

of the mrderlllnr formation rate nnd tIN-dh~f-tiv~>(I -+ t trrmsfer rate. Second, measurements of

the mtlon cycling rate ald I]llnllmr nf fllsi(}l~slm immn will lx lnacle at a density of 2.4 times

Iiflllicl-lly(lr{]gelldensity ( prrssllrc III) to I [),000 mtnmsptwres) Ilsing a IIeWtarget that clearly mllst

ccmtail] statt’-of-t.lle-artl dcsigll and fal)rica{ iml, At t.llis dmlsity more than 200 fusions per mlmn

llmy Iw (}l)serve(l. Fitlally, a direct measllrtmt’ld, of t.llerr-ji.sticking prohal>ility will be d.temptecl.

‘1’lwd-t gas, at roolll temperat.~weaml d n press~lred abollt, 500 Torr, is contained in a flnsk inside

R milt.nitltv. Iillt*{l witl] D2. After fllsiml tlw Ilwlt.ron an~l ttw a (or tvli) recoil back-to-back. ll~e n

twits I.llrollgl] a vtvy t.llill ulylnr willdowm ‘1’he nmltlrm is dctectecl in a Iiqui(l scintilldor and tile

n i! I a Si silt.fikct~-l)[t,rrier [Id.cd (w. ‘I’l M n 1‘ Rre degrmlml ill tm=r~v mlwh more rapidly tlwm the

(n~l ) t , tl]lw lwrlllit titlK thrir srlmratt’ iflmltilimt imlo A nnrmw tilne-of-fright window betwem~the

Iwlltrm (It’ttdor FM1(ll.lw Si (Idtwttw sII(NI1(I grmtly re{l~lce Imckgrmlml, Direct, nleastwelmnt, of

t Iw f~ II stirkillg lmdml)ility is iI.11 ill]lmrt~tlt stvp ill evalllatillg tlw Imtent.ial of ii]lton-m[.alyzed

flwi(~t] ({w tvwrgy ]m}(l(lctioli.
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